animal species (e.g., Amor et al., 2000). Although there are reports of using fatty acid methyl ester analysis and RNA is highly conserved (Grimont and Grimont, 1986) .
methods has concentrated on multiple antibiotic resisare geographically variable (i.e., cosmopolitan or endemic). This is imtance (Hagedorn et al., 1999; Harwood et al., 2000; Par- portant because a geographically limited host origin database may or veen et al., 1997; Wiggins, 1996; Wiggins et al., 1999) . Mulmay not be universally applicable. The objective of our study was to tiple antibiotic resistance appears to work well, but its use one genotypic method, ribotyping, to determine the geographic stability and reproducibility has been questioned bevariability of the fecal bacterium, Escherichia coli, from one location cause antibiotic use is dynamic and antibiotic resistance in Idaho and three locations in Georgia for cattle (Bos taurus), horse genes are typically encoded on plasmids that may be (Equus caballus), swine (Sus scrofa), and chicken (Gallus gallus dolost or gained depending on environmental conditions mesticus). A total of 568 fecal E. coli isolates from Kimberly, ID (125 (Freter, 1984) . Some genotypic methods may circum- RNA is highly conserved (Grimont and Grimont, 1986) .
species were compared at one location, the percent of unshared riboGenotypic methods include ribotyping (e.g., Carson et types was 86, 89, 81, and 79% for Kimberly, Athens, Brunswick, and al., 2001), pulsed field gel electrophoresis (e.g., Kariuki
Tifton, respectively. These data suggest that there is good ribotype et al., 1999) , and various PCR methods (e.g., Dombek separation among host animal species at each location. The ability to Farnleitner et al., 2000) .
match environmental isolates to a host origin database may depend
Most genotypic studies for microbial source tracking on a large number of environmental and host origin isolates that have been conducted with the fecal coliform, Escheideally are not geographically separated.
richia coli. Samadpour and Chechowitz (1995) O ne of the most frequently cited water quality imduck, horse, human, llama, swine, and poultry. Subsepairments is the presence of fecal bacteria in drinkquent studies in several U.S. national parks and recreing and recreational waters. The sources of these bacteational areas also linked E. coli to various animal hosts ria are the feces of warm-blooded animals, typically from (Berghoff, 1998; Farag and Goldstein, 1998 ; Tippets, malfunctioning septic drainfields, animal wastes applied 1999). Pulsed field gel electrophoresis identified the host to land, and wildlife defecating in the water. Because a origin of E. coli isolates in oyster beds (Simmons et al., good correlation exists between the presence of patho-1995) and coastal swimming areas (Simmons and Hergenic and nonpathogenic intestinal bacteria (e.g., Geldbein, 1998) , and ribotyping identified differences bereich, 1970), certain nonpathogenic bacteria are often tween human and nonhuman sources of E. coli under used as indicator bacteria. The most common indicator conditions of a saltwater to freshwater gradient (Parbacteria are the fecal coliforms and fecal streptococci veen et al., 1999) . Bernhard and Field (2000a, 2000b) (Clesceri et al., 1998) , although some researchers advoused a PCR assay to discriminate between human and cate the use of other indicator bacteria (e.g., Bacteriodes cow fecal contamination of water based on differences spp.; Fiksdal et al., 1985) .
in genes encoding for 16S rRNA from the BacteroidesIn recent years, several phenotypic and genotypic Prevotella group. This method has yet to be extensively methods have been developed for determining the host field-tested. origin of fecal bacteria in contaminated waters, a techRegardless of whether a microbial source tracking nique commonly referred to as microbial source trackmethod is phenotypically or genotypically based, some of ing or bacterial source tracking. All of these methods are these methods depend on a host origin database to idenbased on the assumption that specific markers or strains tify the environmental isolates. One major question of bacteria can be identified as originating from specific about using a host origin database of E. coli subspecies is how geographically variable these fecal subspecies geographic origin was one of the most important factors MD). Swabs were kept on ice for a maximum of 24 h before streaking on 5-cm petri dishes containing mTEC medium (Difco for differentiating the E. coli strains. They attributed the Laboratories, Sparks, MD). Plates were incubated submerged differences between their research and earlier research in a water bath at 44.5 Ϯ 0.2ЊC for 24 h according to standard to selection of a wider variety of host animal species, parmethods (Clesceri et al., 1998) . Yellow isolates were randomly ticularly wild animals, and to a greater geographic isolaselected, streaked onto tryptic soy agar (Difco), and incubated tion of the strains.
at 35ЊC for 24 h. The streaking was repeated twice to ensure
We conducted a study to determine the geographic the purity of each isolate. Each isolate was inoculated into a variability of E. coli isolates from Idaho and three loca- (Farber, 1996) .
positive, urea hydrolysis negative). Isolates that were both citrate-negative on Simmons citrate agar and urea hydrolysis-
MATERIALS AND METHODS
negative on urea agar were subjected to an oxidase test (MacFaddin, 1976) . Isolates that were oxidase negative were consid-
Selection and Identification of E. coli Isolates ered E. coli and kept for long-term storage. To do this, a
Isolates of E. coli were obtained directly from the animal loopful of each isolate (approximately 40 mg) was removed feces of cattle, horse, and swine within a two-county area of from a tryptic soy agar plate, placed in a cryoprotectant mixKimberly, ID, and Athens, Brunswick, and Tifton, GA (Fig. 1) .
ture of saline-phosphate (NaCl, 8.5 g L Ϫ1 , K 2 HPO 4 , 0.65 g L Ϫ1 ; KH 2 PO 4 , 0.35 g L Ϫ1 ; pH 7.0; 700 L), glycerol (100 L), and dimethyl sulfoxide (100 L), and stored at Ϫ70 ЊC.
DNA Extraction and Quantification
Isolates of E. coli were streaked on tryptic soy agar and incubated at 35ЊC for 24 h. A single clone was inoculated into 10 mL of Luria-Bertani broth (pH 7.5; Sambrook et al., 1989) contained in a 16 by 150 mm test tube and secured flat on a rotating shaker at 75 rpm at 35 ЊC. After 18 h, a 2.0-mL sample was removed and the DNA extracted with a commercial kit (Qiagen DNeasy, Qiagen, Valencia, CA). A portion of the DNA was mixed with Hoechst Dye no. 33258 (Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's directions, and the DNA was quantified with a fluorometer (DynaQuant DQ200, Amersham Pharmacia Biotech). DNA from E. coli strain B (Sigma Chemical Co., St. Louis, MO) was the standard.
Ribotyping of E. coli Isolates
A standard ribotyping protocol was followed, similar to that of Parveen et al. (1999) . Briefly, two 1-g samples of DNA from each isolate were each separately digested overnight with the restriction enzymes EcoRI and PvuII. The digested DNA was stained and was loaded into a 1% agarose gel. The gel was electrophoresed at 58 V for 3 h using a horizontal gel system. Digoxigenin-labeled (DIG-labeled) Marker III (Roche Mo- to a nylon membrane with a vacuum blotting system and the of broiler production in Georgia, chickens were also sampled at the three locations in Georgia.
DNA on the membrane was crosslinked with UV light. Follow-ing a 2-h prehybridization at 42 ЊC, the membrane was hybridBrunswick, GA (102 isolates TIFF files. The TIFF files were imported into GelCompar II When ribotypes of E. coli isolates from cattle in Kim-(Applied Maths, Kortrijk, Belgium) for analysis. Typically, gels showed 9 to 11 bands for EcoRI and 11 to 13 bands for berly, ID, were compared with ribotypes of E. coli isoPvuII digestion, and this was considered sufficient for good lates from cattle in the Georgia locations of Athens, discrimination among ribotypes. DNA fragments Ͻ1375 base Brunswick, and Tifton (all approximately 2900 km from pairs were ignored because they were often indistinct. Lanes Kimberly), the percentage of shared ribotypes was low were normalized within the gel with the molecular weight (0-5%; Table 1 ). The percentage of isolates sharing the marker, and variations among the gels were assessed with the same ribotypes was also low (0-2%). When the distance E. coli ATCC no. 11775 strain. Optimization (maximum perwas reduced and the ribotypes of E. coli isolates from centage shift allowed between two different patterns for the cattle in Athens, Brunswick, and Tifton were compared patterns to still be considered a match) and tolerance (maximum percentage shift allowed between two bands on different with each other, the percentage sharing increased (9-patterns for the bands to still be considered a match) were 19%). A similar percentage increase (38-48%) was also each set at 1.00%. The normalized banding patterns for both observed for the number of isolates sharing the same enzymes were stacked with EcoRI on the top and PvuII on ribotypes.
the bottom to create one combined ribotype pattern for each When ribotypes of E. coli isolates from horses in isolate. Similarity indices were determined using Dice's coinciKimberly, ID, were compared with similar isolates from dence index (Dice, 1945) and the distance between clusters horses in Athens, Brunswick, and Tifton, GA, the percalculated using the unweighted pair-group method using arithmetic averages (UPGMA). The banding pattern of the concentage of shared ribotypes was low (5-10%) and simitrol E. coli ATCC no. 11775 strain varied from gel to gel, and a lar to that of cattle. The percentage of isolates sharing similarity index of 90.0% was required for all the banding patthe same ribotypes between Kimberly and Brunswick, terns to be considered the same ribotype. Based on this variabiland between Kimberly and Tifton, was also low (3-8%).
ity, the banding patterns of all other isolates had to have a simHowever, the percentage of isolates sharing the same ilarity index of Ն90.0% to be considered the same ribotype.
ribotypes between Kimberly and Athens was 27% (24 of 89 isolates). When the ribotypes of E. coli isolates

RESULTS
from horses at all Georgia locations were compared with each other, the percentage of ribotype sharing was A total of 568 E. coli isolates, including those from Kimberly, ID (125 isolates), Athens, GA (210 isolates), 0% between Athens and Brunswick (350 km apart), 8% between Athens and Tifton (260 km apart), and 20% four host animal species at Kimberly, Athens, Brunswick, and Tifton was 86, 89, 81, and 79%, respectively. between Tifton and Brunswick (175 km apart). Therefore, the ribotype sharing increased with decreased disOnly cattle-horse ribotypes were consistently shared at all locations; otherwise all other animal combinations tance apart. The same relationship was also observed for the number of isolates sharing the same ribotypes were shared at only one or two locations. Regardless, the percent sharing between or among animals was al-(0-52%). Thus, depending on the scale, a decrease in distance between two locations resulted in an increase ways Յ8%.
Although the vast majority of ribotypes among cattle, in ribotype sharing for both cattle and horses.
When ribotypes of E. coli isolates from swine in horse, swine, and chicken at one location were unshared, this was not the case for the number and percentage Kimberly, ID, were compared with similar isolates from swine in Athens, Brunswick, and Tifton, GA, the perof E. coli isolates with shared and unshared ribotypes among different combinations of cattle, horse, swine, centage of shared ribotypes was 0% between Kimberly and Athens, but 14% between Kimberly and Brunswick, and chicken at Kimberly, ID, and Athens, Brunswick, and Tifton, GA (Table 3 ). The percentage of isolates and 12% between and Kimberly and Tifton. The percentage of isolates sharing the same ribotypes varied becomprising unshared ribotypes at Kimberly, Athens, Brunswick, and Tifton was 62, 57, 51, and 34%, respectween 0 and 32%. Surprisingly, the percentage of shared ribotypes did not increase with decreasing distance for tively. It was possible for one shared ribotype to account for many isolates. For example, the percentage of isothe three locations in Georgia and remained low (0-7%) for all three locations, as did the percentage of isolates lates sharing the same ribotype for a cattle-horse-swine combination in Tifton was 48%, but this only represents sharing the same ribotype (0-19%).
When ribotypes of E. coli isolates from chicken were 2 of 38 ribotypes (5%; Table 2 ). compared among the Georgia locations, the percentage of shared ribotypes was low (0-6%). With the exception
DISCUSSION
of the comparison between Athens and Brunswick, the percentage of isolates sharing the same ribotypes was Depending on the scale, there was a relationship between the number of ribotypes shared between two also low (0-9%). The percentage of isolates sharing the same ribotypes was 26% between Athens and Brunslocations and their distance apart for cattle and horses, but not for swine and chicken. Thus, for ribotypes of wick. Thus, unlike cattle and horses, a decrease in distance between two locations did not result in an increase E. coli from cattle, the percentage sharing was higher (9-19%) for locations closer together (Athens, Brunsin ribotype sharing for either swine or chicken.
The number and percent of shared and unshared ribowick, and Tifton; maximum distance 350 km apart) than for locations farther apart (0-5%; Kimberly and the types among different combinations of cattle, horse, swine, and chicken at each location (Kimberly, ID, or three Georgia locations; 2900 km apart). In the case of horses, the distance between Athens and Brunswick Athens, Brunswick, and Tifton, GA) were also determined ( Table 2 ). The vast majority of ribotypes among (350 km) was still too far and no ribotype sharing was observed; it was not until the distance was reduced to cattle, horse, swine, and chicken at the four locations was unshared. The percent of unshared ribotypes for the 260 km (between Athens and Tifton) that the ribotype Cattle  3  2  60  29  21  21  20  15  Horse  33  26  7  3  9  9  5  4  Swine  43  34  22  10  10  10  17  13  Chicken  NA  NA  32  15  11  11  3  2  Total unshared  79  62  121  57  51  51  45 sharing (8%) and isolates sharing the same ribotype where adaptation to the host plays an important role in the population structure. Nevertheless, all animal spe-(32%) increased. However, for ribotypes of E. coli from swine and chicken, this relationship was not observed. cies shared ribotypes. In particular, cattle and horses shared ribotypes at all locations. This may be because Thus, for ribotypes of E. coli from swine, the percentage sharing was no better between locations close together of similar diet and habitat. The percentage sharing was always Յ8% and this is consistent with the maximal (0-7%; Athens, Brunswick, and Tifton) than for locations far apart (0-14%; Kimberly and the three Georgia 9.5% of PCR DNA fingerprint sharing among cows, chicken, and swine (Dombek et al., 2000) . locations). Chicken isolates were only obtained from Georgia, but ribotype matching remained low between
It is important to note that the number of ribotypes observed here was dependent on the similarity index Tifton and Brunswick (6%; 175 km apart) compared with matching between Athens and Brunswick (3%;
cutoff. There is a proportional relationship between the similarity cutoff and the number of ribotypes. A low 350 km apart). Reasons why this variability occurred is probably due to the distance, sample size, or both. In similarity cutoff would yield fewer ribotypes and a higher percentage of sharing than a high similarity cutour study, the minimum distance between the sampling sites was 175 km. This distance was likely too far apart off. Here the cutoff was based on the intergel E. coli ATCC no. 11775 control, which established that bandto obtain a high degree of sharing for one host species. Buchan et al. (2001) noted that that the distance being patterns in our study had to be Ն90% similar to be considered the same ribotype. tween the host source and environmental isolates may have contributed to the poor matching in their study (only 2 matches for 51 environmental isolates). Further-CONCLUSIONS more, it may be that our sampling size was too small, particularly for chicken. Our isolate/ribotype ratio was Ribotyping showed that geographic variability existed for E. coli isolates between one location in Idaho and 2.7:1 (568 E. coli isolates yielding 213 ribotypes) and this was similar to the 1.7:1 isolate/ribotype ratio (179 three locations in Georgia for cattle, horse, swine, and chicken. Decreased distance increased ribotyping shartotal E. coli isolates yielding 102 ribotypes) observed by Parveen et al. (1999) . Therefore, the data suggest that ing for cattle and horse, but not for swine and chicken. Excellent separation among the E. coli ribotypes existed a good host origin database for E. coli would contain a large number of isolates obtained from host sources for each of the host animal species, with a minimal amount of ribotype sharing among the four species. within a 175-km radius. However, future research should probably focus on developing a host origin database This suggests, assuming that the host origin database is comprised of a large number of isolates, ribotyping has within a watershed rather than an arbitrary area.
There was excellent ribotype separation among the good promise to discriminate among host animal species at one location. However, the ability of a database to four host animal species, with 79 to 89% of all ribotypes being unshared at each location. These results agree identify environmental isolates when the host origin isolates are from another geographic location varies. with Souza et al. (1999) , who suggest that E. coli strains from a wide range of animal hosts from different regions Our results suggest that some E. coli subspecies are cosmopolitan, whereas others are endemic, and this may of the world are organized in an ecotypic structure and detection of Bacteriodes spp., prospective indicator bacteria.
vary from one host animal species to another. Therefore, researchers should be cautious about the universal use Freter, R. 1984 
